Studies have demonstrated that heat shock is associated with alteration in energy metabolism. In this study, we investigated the effect of heat shock on gene expression and secretion of adiponectin and leptin, and gene expression of Hspa2 and Pparg in 3T3-L1 adipocytes. Compared with 37 8C, adiponectin mRNA was higher at 39 8C, and lower at 41 8C. Leptin mRNA was higher when adipocytes were exposed to 41 8C compared with 37 and 39 8C. Secretion of adiponectin increased at 39 8C, and when cells were exposed to 41 8C it was not detectable. Leptin secretion increased significantly at 41 8C, compared with 37 and 39 8C. Hspa2 mRNA was increased at 39 8C, and the highest level was reached at 41 8C. Pparg mRNA exhibited a substantial increase in a temperature-dependent manner. The study provides the first evidence of a possible direct effect of heat shock on adiponectin and leptin gene expression and secretion, and demonstrates that the expression of the two adipokines is differentially regulated at the temperatures tested.
Introduction
Future climate scenarios suggest that higher global mean temperatures could result in marked changes in the frequency of heat waves (Kattenberg et al. 1996) . In farm animals, the alteration of energy metabolism and immune response that may lead to the increase of morbidity and mortality during heat waves are well documented (Lacetera et al. 2005 . In dairy, cattle alterations in the endocrine status under hot environment have been reported (Beede & Collier 1986 , Bertoni 1998 , Ronchi et al. 2001 . Ronchi et al. (1999) reported a direct effect of heat stress on energy and lipid metabolism and liver enzymatic activities. In our studies carried out on periparturient dairy cows, we observed alteration of lipid metabolism, oxidative status, and increases of circulating adipocytokine such as leptin in animals exposed to hot environment . Even though several pieces of information are available on the effects of hot conditions on metabolism, no cellular mechanisms responsible for metabolic modifications are clarified yet. In humans, elderly persons, children, and persons with certain medical chronic conditions (such as circulatory problems, diabetes, a previous stroke, overweight, and a weak or damaged heart) are at the greatest risk for heat-related illness and death (McGeehin & Mirabelli 2001 , Braga et al. 2002 , Naughton et al. 2002 . Meanwhile although heat-related physiological changes observed under these chronic diseases are well documented (Semenza et al. 1999 , Morabito et al. 2005 , the cellular mechanisms involved in the increase of heat-related risk morbidity and mortality among at risk human populations have not been clearly elucidated yet.
In the past decade, several researchers demonstrated that adipose tissue is an active participant in regulating physiologic and pathologic processes, including carbohydrate/lipid metabolism, inflammation, cardiovascular diseases (CVD), diabetes, and obesity. Adipose tissue carries out its regulatory function by secreting biologically active molecules called adipocytokines (Trayhurn 2005) . Among these, adiponectin and leptin are expressed almost exclusively in differentiated adipocytes, and are crucial in the regulation of energy balance and carbohydrate/lipid metabolism in humans and animals (Havel 2002 (Havel , 2004 . Adiponectin is one of the most important and abundant adipocytokines and exerts profound anti-diabetic, anti-atherogenic, and anti-inflammatory roles (Goldstein & Scalia 2004 , Pittas et al. 2004 . Conversely, leptin is related to body fat and is a modulator of the appetite and the energetic balance and may act as an endocrine, a paracrine, as well as an autocrine factor (Friedman 2002 , Hall et al. 2002 .
Animal and human data demonstrate that hypoadiponectinemia and hyperleptinemia associated with a deregulation of genes expression of these adipokines play a central role in the genesis of the CVD, obesity, and diabetes risk factor (Arita et al. 1999 , Hotta et al. 2000 , Margetic et al. 2002 , Rothenbacher et al. 2005 , Klein et al. 2006 .
It is clear that adipose tissue plays a critical role in the regulation of lipid and carbohydrate metabolism and in the pathogenesis of the metabolic syndrome, and that hot conditions are responsible for the alteration of carbohydrate/lipid metabolism. Therefore, the aim of the present study was to investigate if and how adipose tissue is involved in the metabolic modification observed under hot environment. For that, we investigated in vitro the effect of heat shock on gene expression and secretion of adiponectin and leptin in 3T3-L1 adipocytes. Expression of Hspa2 as biomarker of cellular heat shock, and Pparg as a regulator of those adipokines were also investigated.
Materials and methods

Materials
DMEM, penicillin, streptomycin, D-biotin, insulin, 3-isobutyl-1-methylxanthine (IBMX), dexamethasone, BSA, and all cell culture reagents were obtained from Sigma unless otherwise mentioned. Fetal bovine serum (FBS) was purchased from Gibco and the same lot of FBS was used throughout the study.
Cell culture and differentiation
Murine 3T3-L1 preadipocytes were obtained from European collection of cell culture (Sigma-Aldrich). Cells were cultured at 37 8C in a humidified atmosphere of 5% CO 2 . The cells were maintained in growth medium with the following constituents: DMEM supplemented with 25 mM HEPES, 8 mg/l D-biotin, 100 U/ml penicillin, and 100 mg/ml streptomycin and 10% FBS. Cells were seeded in six-well plates and after 2 days postconfluence, differentiation was induced by exposing the cells to medium A supplemented with 10% FBS, 0 . 5 mM IBMX, 1 mM dexamethasone, and 10 mg/ml insulin for 3 days. Then, cells were incubated with growth medium containing 10% FBS and 5 mg/ml insulin. After 3 days, the medium was replaced with growth medium containing 10% FBS and changed regularly. Between 8 and 12 days after the induction, we verified that more than 90% of the cells showed fat accumulation by using an inverted microscope (Hund Wetzlar, Germany). The cells were placed in serum-free medium using DMEM and supplemented with 0 . 5% BSA, 25 mM HEPES, 8 mg/l D-biotin, 100 U/ml penicillin, and 100 mg/ml streptomycin for 12 h before treatments.
Treatments
The 3T3-L1 adipocytes were incubated at different temperatures: 37 8C (control temperature), 39, and 41 8C. For each temperature, the samples were collected after 0, 2, 4, 8, 16, and 24 h of exposure to study the kinetic of cellular response to heat shock. Some culture plates of adipocytes were exposed at 41 8C for 2 h, and then at 37 8C for 24 h. The samples were collected immediately before initiating and ending of thermal stress and 2, 4, 8, 16, and 24 h after recovering at 37 8C.
For heat shock and control treatments, culture plates were maintained in a humidified incubator with 5% CO 2 . Temperature treatments were adopted to mime mild or severe hyperthermia typical of hot season. All incubations were performed in quadruplicate (four wells).
RNA extraction and cDNA synthesis
Total RNA was isolated from 3T3-L1 adipocytes using Qiazol Lysis reagent (Qiagen) according to the manufacture's instructions. RNA was quantified using a spectrophotometer set at 260 nm, and all the samples had a 260/280 nm absorbance ratio of 1 . 7-1 . 9. The integrity of the RNA was checked by visualization of 18 and 28 s ribosomal bands on an agarose gel. One microgram of total RNA was reverse transcribed with ImProm-II reverse transcription system (Promega), in a total volume of 20 ml on a PCR Express thermal cycler (Hybaid, Ashford, UK). Controls without reverse transcription were performed to exclude the possibility of DNA contamination.
Real-time PCR
Real-time PCR was done for four target genes (leptin, adiponectin, Hspa2, and Pparg) and two housekeeping genes (18s rRNA, b-actin). Real-time PCR was performed in the LyghtCycler (Roche Applied Science) using QuantiTect SYBR Green PCR Master Mix (Qiagen). Oligonucleotide primers for adiponectin and leptin were designed with Polyprimers software (Valentini 2006 ) and synthesized by MWG-Biotech (Ebersberg, Germany). For Pparg, Hspa2, b-actin and 18s rRNA QuantiTect primer assays from Qiagen were used. In Table 1 are shown the specific characteristics of primers used for the real-time PCR. PCR products were subjected to a melting curve analysis on the LyghtCycler and subsequently 2% agarose/Trisborate-EDTA gel electrophoresis to confirm amplification specificity and amplicon size. To allow relative quantification after PCR, standard curves were constructed from the standard reactions for each target U BERNABUCCI and others . Heat shock affects adipokines expression and housekeeping genes by plotting crossing point (Cp) values, i.e., the cycle number at which the fluorescence signal exceeds background versus log cDNA dilution. The Cp readings for each of the unknown samples where then used to calculate the amount of either the target or housekeeping relative to the standard, using the second derivative maximum method with the LyghtCycler analysis software 3.5 (Roche Applied Science). Mouse 18s rRNA housekeeping gene was used to normalize all gene expressions, since it was the one that most remained unchanged during heat treatment.
Measurement of adipokines by ELISA
Adiponectin and leptin were measured in cell culture media using commercial ELISA kits. The assays were conducted in 96-well microplates according to the manufacture's instructions, with a SLT Spectra I microplate spectrophotometer (SLT Lab-instruments GesmbH, Grodig/Salzburg, Austria). Mouse Leptin Assay Kit (IBL, Gunma, Japan) was used for leptin (sensitivity: 0 . 86 pg/ml) and mouse adiponectin ELISA Kit (Linco Research, St Charles, MO, USA) was used for adiponectin (sensitivity: 0 . 5 ng/ml) determination. After collecting culture medium for adipokines determination, cells were washed twice with ice-cold PBS and lysed with Tris-buffered saline containing 1% NP-40, 0 . 5% deoxycholic acid, 0 . 1% SDS, 2 mM EDTA, and 1 mM phenylmethylsulfonyl fluoride. Each lysate sample was centrifuged at 15 000 r.p.m for 15 min at 10 8C. After the upper lipid layer was removed, protein levels in the supernatant were measured by BCA protein assay kit from Pierce (Rockford, IL, USA) and adipokine concentrations were normalized per total extracted proteins. Adiponectin and leptin levels were expressed as ng/mg and pg/mg of total extracted proteins respectively.
Recombinant human adiponectin (MBL, Woburn, MA, USA; 5 ng/ml) was added to cell media of six culture plates exposed to 37 and 41 8C respectively. After 2, 4, 8, 16, and 24 h incubation, human adiponectin ELISA kit (Linco Research) was used for adiponectin determination (sensitivity: 0 . 78 ng/ml).
Analysis of cell viability
Cell viability was determined by XTT (sodium 3 0 -(1-(phenylaminocarbonyl)-3,4-tetrazolium)-bis (4-methoxy-6-nitro) benzene sulfonic acid hydrate) assay using cell proliferation kit II (XTT) from Roche Applied Science according to the manufacturer's instructions. Briefly, the cells were seeded into 96-well microplates at an optimal density, differentiated to adipocytes, serum starved, and exposed to treatments (37, 39, and 41 8C). For each temperature, the samples were collected after 0, 2, 4, 8, 16, and 24 h of exposure in the same way as used for other analysis. The cell culture medium was changed to 100 ml of medium A with 0 . 5% BSA, and then 50 ml of XTT labeling mixture was added to each well. After 24-h incubation at 37 8C, absorbance was measured using a microplate spectrophotometer at a wavelength of 450 nm. Background absorbance was subtracted from each row value. The results were expressed as optical density.
Statistical analysis
Data for all variables measured were analyzed as repeated measures using the general linear model (GLM) procedure of SAS (1999) . The model included fixed effects: temperature (37, 39, and 41 8C), time of exposure to different temperatures (0, 2, 4, 8, 16 , and 24 h), interaction temperature X time of exposure, and the error term. Least square means were separated with 
Results
Heat shock differently affects adipokines gene expression
To examine the effect of heat shock on adipokines gene expression, 3T3-L1 adipocytes were incubated at different temperatures for 24 h. Total RNA was extracted and mRNA levels of adiponectin and leptin were measured by real-time PCR. Kinetics of heat shock response in terms of the induction of mRNA adipokines and accumulation over time were observed. The results showed that heat shock affected differently the two adipokines. Compared with control temperature (37 8C), adiponectin gene expression increased by 55% (P!0 . 05) at 39 8C and decreased by 78% (P!0 . 05) at 41 8C (Fig. 1A) . The time-course study of adiponectin expression is shown in Fig. 1B . Control cells showed a decrease (P!0 . 05) of adiponectin gene expression until 4-h exposure and then started to recover (PO0 . 05). Decrease (P!0 . 05) of adiponectin mRNA was also observed after 2-h exposure at 39 and most of all at 41 8C. Then, from 2-to 24-h exposure mRNA levels increased (bZ0 . 066, R 2 Z0 . 84, P!0 . 05) in cells exposed to 39 8C, meanwhile at 41 8C adiponectin mRNA remained stable.
A 16 . 6-fold increase (P!0 . 01) of leptin mRNA (Fig. 1C) was observed when adipocytes were exposed to 41 8C compared with control temperature (37 8C). No significant difference was found between cells exposed to 37 and 39 8C in leptin mRNA levels (Fig. 1C) . Response to time exposure of leptin mRNA at different temperatures (Fig. 1D) showed an increase (P!0 . 05) in leptin mRNA level within 2-h exposure only in cells exposed to 41 8C. Then, after a stable period of 14 h, mRNA was up-regulated maximally between 16 and 24 h. At 37 and 39 8C, 3T3-L1 adipocytes did not exhibit any significant change during the 24-h exposure (Fig. 1D) .
Kinetic of adiponectin and leptin mRNA after 2 h of heat shock is reported in Fig. 3A . Adiponectin mRNA had already decreased (P!0 . 05) after 2-h period of heat shock at 41 8C; then started to recover already after 2 h of the recovery time. On the contrary, leptin mRNA increased (P!0 . 05) during the 2-h heat shock and continued to increase (P!0 . 05) until 2 h after heat shock; then started to decrease reaching the basal levels 8 h after heat shock.
Heat shock differently affects also adipokine secretion levels
The secretion of adipokines in medium was examined next, using specific ELISAs. Secretion levels of adiponectin and leptin showed a trend that paralleled the changes of their mRNA levels. Particularly, secretion of U BERNABUCCI and others . Heat shock affects adipokines expression adiponectin in medium increased (P!0 . 01) at 39 8C, and at 41 8C it was not detectable ( Fig. 2A) . Adiponectin secretion levels in control cells were quite stable until the end of heat shock exposure. In adipocytes exposed to 39 8C, adiponectin started to increase after 2-h exposure reaching the maximum at the end of the exposure time (Fig. 2B) . When cells were exposed to 41 8C, adiponectin was rapidly reduced showing not detectable levels already after 2-h exposure and remained undetectable until 24-h (Fig. 2B) .
Unlike adiponectin, the highest (P!0 . 05) concentration of leptin was found in cells exposed to 41 8C, when compared with 37 and 39 8C (Fig. 2C) . The kinetic of leptin secretion (Fig. 2D) showed a gradual increase during 24 h in cells exposed to 41 8C, and remained quite stable in cells exposed to 37 and 39 8C (Fig. 2D) .
A time-course study of adipokines secretion from 3T3-L1 adipocytes, after 2 h of heat shock at 41 8C, was also performed (Fig. 3B ). Significant decrease in adiponectin secretion levels was observed after 2-h period of heat shock at 41 8C; whereas after 4 h of recovery time a significant increase of secretion levels was observed. Meanwhile, a significant increase in leptin secretion levels was seen after 2-h exposure to 41 8C and remained stable until the end of the recovery time.
To verify if decreases of adiponectin secretion observed at 41 8C were not due to degradation in the cell media during the incubations time, recombinant human adiponectin (5 ng/ml) was added to cell media and recovery was measured during the incubation process at 37 and 41 8C. After 2, 4, 8, 16, and 24 h incubation, adiponectin recovery was 100 . 8G0 . 6% and 100 . 0G1 . 6% on average of the control sample (time 0) at 37 and 41 8C respectively.
Gene expression of Hspa2 and Pparg after exposure to heat shock Quantitative changes of Hspa2 and Pparg gene expressions were analyzed in 3T3-L1 adipocytes by real-time PCR after exposure to different temperatures. We performed also a time course of Hspa2 and Pparg mRNA expression during 24-h exposure. As shown in Fig. 4A , Hspa2 gene expression was stimulated (P!0 . 05) at 39 8C and the highest (P!0 . 01) level was reached when adipocytes were exposed to 41 8C. Figure 4B shows that Hspa2 mRNA was dramatically stimulated (P!0 . 05) already after 2-h exposure to 41 8C
and peaked within 4-h exposure. This was followed by a stable period of 4 h (from 4th to 8th h) and after 8 h declined toward the basal level until the end of the heat shock period. No time-dependent differences in Hspa2 mRNA expression were observed at 37 and 39 8C.
Pparg mRNA was up-regulated in a temperaturedependent manner (Fig. 4C) . At 41 8C Pparg mRNA began to increase early, after 2-h exposure, and peaked at 8 h, then gradually decreased (Fig. 4D) . Under 37 and 39 8C, no significant differences were observed in Pparg mRNA level among time of exposure. 
Cell viability in adipocytes treated with high temperatures
In the next set of experiments, to assess whether heat shock influenced gene expression of adipokines through a decrease in cells viability, we performed an XTT assay. This assay indicated that the exposure to different temperatures and times did not affect cell viability (Fig. 5A and B) .
Discussion
The present study provides the first evidence on the effect of heat shock on adiponectin and leptin gene expression and secretion in 3T3-L1 adipocytes. The results demonstrate that the expression of the two adipokines is differentially regulated at the temperatures tested. Compared with control temperature (37 8C), adiponectin mRNA and secretion levels were increased when adipocytes were exposed to 39 8C, whereas leptin remained unchanged. When temperature increased up to 41 8C, adiponectin was significantly decreased, whereas leptin was increased compared with 37 8C (Figs 1-3) . The absence of a modification in cell viability between temperatures was observed. Those results testify that the temperature-related differences observed in the adipocytokines gene expression and protein secretion were probably related to a direct effect of heat shock on metabolic activity of adipocytes. U BERNABUCCI and others . Heat shock affects adipokines expression Park et al. (2005) reported that the increase of 1-2 8C from physiological temperature represents a mild heat shock for the cells, whereas higher temperatures may lead to severe heat shock. Those authors also suggested that heat shock may act as one of physico-chemical signals.
Changes in the fluidity of membrane lipids, induced by high temperature, may cause transduction of a signal, which would induce cell heat shock response, such as heat shock proteins expression, and activation of several important regulatory proteins (Park et al. 2005) . In the present study, we investigated the gene expression of Hspa2, a well-known marker of cell injury, which has not been examined before in differently heat-shocked mouse adipocytes. Our data provide evidence that Hspa2 gene expression in adipocytes was increased already at 39 8C and the highest level was reached at 41 8C. Moreover, only in cells exposed to 41 8C, was Hspa2 gene expression increased in the first 4 h and returned to basal levels at 16-h exposure. A similar Hspa1b gene expression behavior was observed by Collier et al. (2006) in bovine mammary epithelial cells exposed to 42 8C for 24 h. Those authors attributed to these changes the signal of the end of cell thermotolerance associated with the increased expression of genes in the apoptotic pathways. On the basis of both levels and behavior of Hspa2 mRNA observed in the present study and results from Collier et al. (2006) , it is possible to indicate that 41 8C represents a severe heat shock and 39 8C represents a mild heat shock for 3T3-L1 adipocytes. The different response of adipokines gene and protein expression to severe or mild heat shock might be due to the activation of different molecular mechanisms by adipocytes.
The mechanisms of changes in the expression of adipokines by heat shock remain unknown. However, differences in time intervals from the beginning of heat exposure to a significant changes of mRNA and protein levels of each adipokine, suggest that various mechanisms might be involved in the regulation of adipokine expression. Our results show that Pparg expression was up-regulated in a temperature-dependent manner. Anderson et al. (2004) reported a protective role of Ppara in primary hepatocytes from mice after chemical-induced stress. Those authors, using transcript profiling genes, observed an altered regulation of heat shock-inducible genes involved in tissue protection by Ppara. In particular, the activation of Ppara regulated the expression of chaperone genes involved in protein folding, and genes involved in proteasomal degradation of damaged proteins. Genes regulated by Ppara partially overlapped with genes regulated by heat and oxidative stress-inducible transcription factors. The upregulation and changes of Pparg mRNA in response to mild and severe heat shock, found in the present study, show for the first time a direct effect of heat on regulation of Pparg gene expression, and support the role in tissue protection by Ppars demonstrated by Anderson et al. (2004) . Furthermore, as well known, Pparg has a role in regulating adipokines expression (Panunti & Fonseca 2006) . In particular, activation of Pparg dramatically represses leptin gene transcription in human and in 3T3-L1-cells (Kallen & Lazar 1996) , and increases both adiponectin gene expression and circulating adiponectin levels in animals, in humans, and in in vitro studies (Havel 2002 , Patel et al. 2003 . Since at 41 8C both Pparg and leptin mRNA were at their peak, and adiponectin mRNA was repressed, the changes of leptin and adiponectin mRNA levels in cells exposed to severe heat shock may not be attributable to Pparg modulation. By contrast, the upregulation of adiponectin by cells exposed to 39 8C might be, in part, modulated by the increased Pparg mRNA.
The present report proposes some questions as to why severe heat shock differently affected the gene expression and secretion of adiponectin and leptin. We suggest that the upregulation of leptin expression in adipose cells from heat shock was probably one of the mechanisms involved in the thermoregulatory processes to limit body hyperthermia by a central action that is responsible for the decrease of feed intake, energy metabolism, and body fat (Houseknecht et al. 1998) . Moreover, adipocytes express leptin receptors making it possible for leptin to act directly on adipocytes for regulating energy and metabolism. This 'short-loop' leptinergic system is independent of the far more complex hypothalamic 'long loop' energy regulation (Wang et al. 2005) . Another possible mechanism that may explain the upregulation of leptin in severe heat-shocked cells is the role of leptin in inducing adipocyte apoptosis as recently demonstrated by Ambati et al. (2007) . Our data on leptin changes in severe heat-shocked 3T3-L1 adipocytes might indicate a pro-apoptotic signal of leptin. Beside the increase of leptin expression as a consequence of a possible adaptative response to heat shock, downregulation of adiponectin might be explained as a cell heat shock response that was accompanied by a reduction in protein synthesis, favoring the induction of heat shock response over the ongoing gene program (Linquist 1986 , Collier et al. 2006 . The upregulation of leptin and downregulation of adiponectin determined by severe heat shock, found in the present study, might contribute to explain the alteration of energy and lipid metabolism observed in cattle exposed to hot environment (Ronchi et al. 1999) . The future climatic scenarios describing an increase in global mean temperatures and in marked changes in the frequency of temperature extremes suggest further investigations are required on changes and biological role of adipokines in farm animals exposed to heat shock conditions.
The downregulation of adiponectin and upregulation of leptin by severe heat shock found in the present study, are likely comparable with the deregulation of those adipokines observed in humans suffering from some pathological conditions such as obesity, atherosclerosis, diabetes type 2, and metabolic syndrome (Kamigaki et al. 2006 , Lafontan & Viguerie 2006 . Altered adipokines levels have been observed in a variety of inflammatory conditions (Fantuzzi 2005) . Adiponectin has a potent anti-inflammatory effect, whereas leptin exerts a proinflammatory role, (Fantuzzi 2005) . Moreover, Moseley (1998) reported a role of Hsps in the inflammatory response, participating in cytokine signal transduction and in the control of cytokines gene expression. Therefore, changes of adipokines gene and protein expression and Hspa2 gene expression, observed in adipocytes under severe heat shock, might be responsible for a proinflammatory status possibly linked with major susceptibility to insulin resistance (Ailhaud 2006) and CVD (Fantuzzi 2005) in heat-stressed subjects. Findings of the present study encourage further studies to verify whether heat shockinduced impairment of adipokines biology may be a cofactor for aggravating the clinical status observed in patients suffering from the above-mentioned metabolic diseases and exposed to heat or heat waves.
In summary, the current study provides the first evidence about a direct effect of heat shock on adiponectin and leptin gene and protein expression, and on Pparg gene expression in 3T3-L1 adipocytes. The mechanisms through which severe heat shock modifies adipokines ratio are not clarified, but we demonstrated that Pparg is not involved. Further in vivo studies are necessary to confirm the association between adipokines expression and heat shock and to elucidate the underlying mechanisms.
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